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Environmental Context. Marine dissolved organic matter plays a key role in the global 
carbon cycle. Questions remain, however, as to the influence of anthropogenic activities on its 
composition and distribution in coastal waters. We studied dissolved organic matter in coastal 
waters influenced by a municipal sewage effluent (Marseilles City, France). We found that 
dissolved organic matter in the vicinity of the sewage effluent contained a high proportion of 
protein-like material. Hence, we demonstrate the influence of human activities on coastal 
dissolved organic matter.  
 
ABSTRACT 
 We characterized fluorescent dissolved organic matter (FDOM) in coastal marine waters 
influenced by the municipal sewage effluent (SE) from Marseilles City (France, northwestern 
Mediterranean Sea). Samples were collected eleven times from September 2008 to June 2010 
in the Bay of Marseilles along a coast-open sea transect from the SE outlet in the South Bay 
and at the Mediterranean Institute Observation site in the central Bay. Fluorescence 
excitation-emission matrices (EEMs) combined with parallel factor analysis (PARAFAC) 
allowed the identification of two protein-like (tyrosine C1, λEx/λEm: < 230, 275/306 nm; 
tryptophan C2, λEx/λEm: < 230, 270/346 nm) and three humic-like components (marine 
humic C3, λEx/λEm: 280/386 nm; C4, λEx/λEm: 235, 340/410 nm; C5, λEx/λEm: 255, 
365/474 nm). From the SE outlet to the central Bay, a gradient appeared, with decreasing 
FDOM intensities, decreasing dissolved organic carbon, particulate carbon, nutrients and 
fecal bacteria concentrations, and increasing salinity values. This gradient was associated with 
decreasing abundances in protein-like fluorophores and rising abundances in humic-like (C3 
and C5) materials. This shift in FDOM composition illustrated the decrease in wastewater 
inputs and the increase in marine sources of DOM along the transect. FDOM data showed that 
the Marseilles SE spread up to 1500 m off the outlet while it did not reach the central Bay. 
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Tryptophan-like material was the dominant fluorophore in the SE and displayed the highest 
correlations with biogeochemical parameters (organic carbon, phosphates, fecal bacteria). 
Therefore, we propose to use its fluorescence intensity to detect and track SE inputs in the 
Marseilles coastal marine waters.  
 
Keywords: EEM fluorescence; PARAFAC; sewage effluent; Mediterranean Sea; Cortiou; 
tryptophan
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Introduction 
 
 Dissolved organic matter (DOM), which represents one of the largest active pools of 
organic carbon at the earth’s surface (~ 700 Gt C), plays a key biogeochemical role in the 
aquatic medium.[1-3] Fluorescence spectroscopy techniques, in particular excitation-emission 
matrices (EEMs), have been successfully used to investigate the origin, distribution and 
dynamics of DOM in various marine and freshwater environments.[4] EEMs, coupled to peak 
picking technique or to parallel factor analysis (PARAFAC), have allowed the identification 
of two main types of fluorophores within the aquatic DOM pool: 1) the protein-like 
fluorophores, with fluorescence signatures roughly similar to those of tryptophan and tyrosine 
aromatic amino-acids, generally attributed to autochthonous/labile DOM and 2) the humic-
like fluorophores, with fluorescence signatures corresponding to those of humic and fulvic 
acids, rather associated with terrestrial/degraded DOM.[5-8]  
 The discharge of sewage effluents (SEs) in the aquatic systems is a source of 
environmental concern for a long time and will continue to be a major problem in future years 
due to the population growth and increasing urban activities combined with the effects of 
climate change such as unpredictable rainfall patterns.[9] SEs may contain high levels of 
organic matter, nutrients, fecal bacteria, viruses and chemical contaminants such as heavy 
metals, hydrocarbons, pesticides, polychlorinated biphenyls and pharmaceutical products.[10-
12]
 Interestingly, EEMs and synchronous fluorescence spectroscopy have proven to be 
relevant tools for tracking and fingerprinting SE-derived DOM in rivers and estuaries.[13-15] 
Indeed, the rivers impacted by treated/untreated SEs generally show higher tryptophan-
like/humic-like fluorescence ratios compared to “clean” rivers.[16] In the latter, DOM mostly 
originates from terrestrial plants and soils, and thus contains a high amount of humic-like 
fluorophores and a low content in protein-like substances.[4,7] In contrast, DOM derived from 
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SEs is enriched in tryptophan-like fluorophore,[17-19] ascribed to high levels of microbial 
activity in the effluents.[20-22] However, although numerous studies have already investigated 
the fluorescent DOM (FDOM) composition in municipal/industrial/agriculture SEs[19,22-24] or 
in SE-impacted rivers/estuaries,[13-15,25-27] much less work has focused on the FDOM 
distribution in coastal marine waters influenced by diverse SE inputs.[28-30] None of them 
addressed the Mediterranean Sea. 
 Located 8 km east from Marseilles City (northwestern Mediterranean Sea, France), 
Cortiou Cove is the discharge area of the municipal SE from Marseilles and fifteen 
surrounding municipalities. The latter (termed “Marseilles SE”) is composed of a secondary-
treated SE and pretreated river waters. Despite the establishment of primary (physico-
chemical) and secondary (biological) wastewater treatments in 1987 and 2007, respectively, 
Cortiou Cove is still considered one of the most polluted coastal sites of the French 
Mediterranean.[31-34] The aim of this study is to characterize the FDOM pool in the marine 
waters influenced by the Marseilles SE using EEM spectrofluorometry and PARAFAC 
modelling. We report a time-series of FDOM data, associated with environmental parameters, 
collected in the Bay of Marseilles from September 2008 to June 2010.   
 
 
Materials and methods 
 
The Marseilles sewage effluent  
 The Marseilles SE is released in the surface waters of Cortiou Cove (Fig. 1). It is 
composed of 1) a secondary-treated SE (domestic sewages with or without storm waters) and 
2) the pretreated Huveaune River waters. In dry weather, the secondary-treated SE contains 
only domestic sewage and has a daily average flow rate of 2.3 m3 s-1. Minimal around 6:30 
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am (1.3 m3 s-1) and maximal at 10:30 am (3.2 m3 s-1), the secondary-treated SE flow rate is 
directly linked to the daily activity patterns of the urban population. The SE residence time 
inside the treatment plant is ~ 4 h [data from the Société d’Exploitation du Réseau 
d’Assainissement de Marseille (SERAM)]. During rain events, the SE flow rate significantly 
rises due to the input of storm waters. Above 12 m3 s-1, the Marseilles treatment plant cannot 
process the SE anymore, which is directly discharged (untreated) into the sea. Since 1981, the 
Huveaune River, the main river of Marseilles, is routinely diverted from its natural outlet 
towards the treatment plant, pretreated, and transported to Cortiou Cove through the same 
sewer as the secondary-treated SE (Fig. 1).  
 In Cortiou Cove, the extent and fate of the Marseilles SE plume depends on its flow rate 
and on local hydrodynamic conditions. The latter are controlled by 1) the general circulation 
of the northwestern Mediterranean Sea, with the North Current that flows along the 
continental slope towards the west, 2) the wind-induced circulation and 3) the complex 
bathymetry of the Cortiou area and the shallow depths of its western part. Under low wind 
speed conditions, the dilution plume may persist up to 1500 m from the outlet with a 
westward-curved structure (influence of the North Current).[32] With southeast wind events, 
the dilution plume is pushed to the west coast, whereas under north wind conditions it extends 
offshore or eastward.[35] At the outlet, the plume presents a low salinity over a thickness of 3-
4 m while this low salinity is observed over only few centimeters around 1 km from the 
outlet.[32] The residence time of waters from Cortiou Cove is approximately 2 days.[36]  
 
Study sites and sampling 
 Seawater samples were collected eleven times from September 2008 to June 2010 in the 
Bay of Marseilles (northwestern Mediterranean Sea) aboard the R/V Antédon II. Five stations 
were sampled in the Cortiou area (South Bay) along a coast-open sea transect: Cort0 (40 m 
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from the outlet), Cort1, Cort2, Cort3 and Cort4 (1500 m from the outlet). An additional site 
was sampled away from Cortiou Cove: Sofcom, the observation station of the Mediterranean 
Institute, located in the central Bay near Frioul Islands at 7 km from the coast (Fig. 1; Table 
1). The sampling was performed in the morning, between 9:30 and 11:00 am for Cortiou 
stations (i.e. at or close to the maximal secondary-treated SE flow rate) and between 11:00 
and 12:00 am for Sofcom, in dry weather under a variety of wind and sea conditions.  
 Samples were taken in the subsurface water (SSW) at ~ 0.1 m depth using Nalgene® 
polycarbonate bottles. The bottles were opened below the water surface to avoid the sampling 
of the surface microlayer. At Sofcom and Cort4, samples were also collected at 5, 20 and 55 
m depth using a 5 l Niskin bottle equipped with silicon ribbons and Viton o-rings (Table 1). 
The bottles were washed with 1 M hydrochloric acid (HCl) and ultrapure water (i.e. Milli-Q 
water, final resistivity: 18.2 MΩ cm-1) before use, rinsed three times with the respective 
sample before filling and stored in the dark in the cold.  
 Along with the discrete water samples, profiles of temperature (T), salinity (S) and 
chlorophyll a (Chla) concentration were obtained from a Seabird Electronics 19plus 
conductivity temperature depth (CTD) profiler equipped with a WETStar Chla fluorometer 
(WETLabs, Inc). 
  
Filtration and handling of samples 
 Back in the laboratory, the samples were immediately filtered under a low vacuum (< 50 
mm Hg). Filtration of samples was performed about 2-3 hours after their collection. The 
samples for FDOM and dissolved organic carbon (DOC) measurements were filtered through 
0.2 µm polycarbonate filters (25 mm diameter, Nuclepore) in small pre-combusted (450 °C, 6 
h) glass filtration systems. Prior to sample filtration, Nuclepore filters were first soaked in 1 
M HCl and ultrapure water, and then processed with 300 ml of ultrapure water and 50 ml of 
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sample. The 0.2 µm filtered water was transferred into pre-combusted 10 ml glass tubes 
(FDOM) and ampoules (DOC). The ampoules were flame-sealed after addition of 10 µl of 
85% phosphoric acid. FDOM and DOC samples were kept at 4 °C in the dark during 24-48 h 
until analyses. The samples for particulate carbon (PC) measurements were filtered through 
GF/F glass fiber filters (47 mm diameter, Whatman). The GF/F filters were then dried 24 h at 
50 °C and stored in a vacuum dryer until analysis. The samples for nutrients were analysed 
without being filtered. The samples for nitrate (NO3-), nitrite (NO2-) and phosphate (PO43-) 
determination were collected into 50 ml polyethylene flasks and stored frozen until analysis.  
  
 Analysis of fluorescent dissolved organic matter (FDOM)  
 Instrument. FDOM measurements were carried out using a Hitachi F-7000 
spectrofluorometer (Japan). This instrument, which provides a measuring wavelength range of 
200-750 nm on both Ex and Em sides, is equipped with a 150 watt xenon short-arc lamp with 
a self-deozonating lamp compartment as light source, two stigmatic concave diffraction 
gratings with 900 lines mm-1 brazed at 300 (Ex side) and 400 nm (Em side) as single 
monochromators, and Hamamatsu R3788 (185-750 nm) photomultiplier tubes (PMTs) as 
reference and sample detectors (fluorescence measurements acquired in signal over reference 
ratio mode). The accuracy of the Ex and Em monochromators (± 0.4 nm) were determined 
using the mercury bright line at 435.8 nm from a fluorescent lamp. The correction of spectra 
for instrumental response was conducted from 200 to 600 nm according to the procedure 
recommended by Hitachi (Hitachi F-7000 Instruction Manual). First, the Ex instrumental 
response was recorded by placing a triangular quartz cuvette containing a concentrated 
solution of Rhodamine B (3 g l-1 in ethylene glycol) and a single-side frosted red (R-62) filter, 
used to suppress any stray light of the Ex beam below 620 nm, in the sample compartment. 
An Ex scan was made from 200 to 600 nm for a λEm of 640 nm. The ratio of the signal 
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recorded by the reference PMT to that recorded by the sample PMT provided the Ex 
correction curve. Then, the Em instrumental response was determined by using the xenon 
lamp. A quartz diffuser was placed in the sample compartment and a synchronous scan was 
performed from 200 to 600 nm. The ratio of the signal recorded by the sample PMT to that 
recorded previously by the sample PMT in presence of Rhodamine B provided the Em 
correction curve. The Ex and Em correction curves were applied internally by the instrument 
(through FL Solutions 2.1 software) to correct each fluorescence measurement acquired in 
signal over reference ratio mode from 200 to 600 nm.   
 Measurements. The samples were allowed to reach room temperature in the dark and 
transferred into a 1 cm pathlength far UV silica quartz cuvette (170-2600 nm; LEADER 
LAB®), thermostated at 20 °C in the cell holder by an external circulating water bath. The 
cuvette was cleaned with 1 M HCl and ultrapure water, and triple rinsed with the sample 
before use. EEMs were generated over λEx between 200 and 550 nm in 5 nm intervals, and 
λEm between 280 and 600 nm in 2 nm intervals, with 5 nm slit widths on both Ex and Em 
sides, a scan speed of 1200 nm min-1, a time response of 0.5 s and a PMT voltage of 700 V.  
Blanks (ultrapure water) and solutions of quinine sulphate dihydrate (Fluka, purum for 
fluorescence) in 0.05 M sulphuric acid (H2SO4) from 0.5 to 50 µg l-1 were run with each set of 
samples. The physico-chemical parameters of water samples during EEM analyses, i.e. T (20 
°C), S (30.0-38.4), pH (7.5-8.2) were consistent enough to not alter the fluorescence 
measurements.[6,16,37] To account for inner filtering effects, absorbance measurements were 
performed from 200 to 600 nm in a 1 cm pathlength quartz cuvette with a Shimadzu UV-Vis 
2450 spectrophotometer. Samples were analysed with reference to a filtered salt solution 
prepared with Milli-Q water and precombusted NaCl (Sigma) reproducing the refractive 
index of samples. 
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 Data processing. Different processing steps were performed on the fluorescence data: 1) 
all the fluorescence data (blanks, standards, samples) were normalized to the intensity of pure 
water Raman scatter peak at λEx/λEm: 275/303 nm, used as internal standard. This value 
varied by 10% (n = 100) over the study period. 2) Sample EEMs were corrected for inner 
filtering effects by multiplying each EEM by a correction matrix calculated for each 
wavelength pair from the sample absorbance, assuming a 0.5 cm pathlength of Ex and Em 
light in a 1 cm cuvette.[38,39] 3) Sample EEMs were blank corrected by subtracting the pure 
water EEM. 4) Sample EEMs were converted into quinine sulphate unit (QSU), 1 QSU 
corresponding to the fluorescence of 1 µg l-1 quinine sulphate in 0.05 M H2SO4 at λEx/λEm: 
350/450 nm (5 nm slit widths).[4] The conversion in QSU was made by dividing each EEM 
fluorescence data by the slope of the quinine linear regression. The detection and 
quantification limits of the fluorescence measurement were 0.10 and 0.40 QSU, respectively. 
The water Raman scatter peak was integrated from λEm 380 to 426 nm at λEx 350 nm for 70 
ultrapure water samples. The average values was used to establish the conversion factor 
between QSU and Raman unit (RU, nm-1), based on the Raman-area normalized slope of the 
quinine linear regression.[39] The conversion factor was 0.014 RU QSU-1. 
 
Biogeochemical and microbiological analyses 
 DOC was measured on 2 replicates by high-temperature catalytic oxidation using a 
Shimadzu TOC 5000 Total Carbon Analyzer.[40] The accuracy and system blank of the 
instrument were determined by the analysis of reference material including deep Atlantic 
water and low carbon water reference standards (D. Hansell, Rosenstiel School of Marine and 
Atmospheric Science, Miami, USA). The nominal analytical precision of the measurement 
was within 2%. 
 11 
 Analyses of PC were undertaken with a LECO SC144 Carbon/Sulphur Analyzer. The 
filters were weighed in ceramic nacelles, heated at 1350 °C under oxygen stream, and the 
resulting CO2 was measured by infrared detection. So, PC measured here corresponds to the 
sum of inorganic + organic particulate carbon. Procedural blank value, given by the analysis 
of pre-combusted GF/F filters, was ~ 0.75 µM (n = 6).  
 NO3-, NO2- and PO43- were analyzed using automated colorimetric method.[41,42] The 
detection limits were 0.05 µM for NO3- and NO2-, and 0.02 µM for PO43-. 
 Escherichia (E.) coli and enterococci were enumerated by using the most-probable-
number statistical tests from the microtitration plate method in its normalized version (ISO 
9308-3). This method is based upon the bacterial hydrolysis of 4-methylumbelliferyl-β-D-
glucuronide, which produces a blue fluorescent substrate (4-methylumbelliferone) detectable 
under UV lamp.[43]   
 
Parallel factor analysis (PARAFAC) 
 PARAFAC is a multi-way statistical method based on an alternating least square 
algorithm and used to decompose the complex EEM signal measured into its underlying 
individual fluorescent profiles (components).[44] In this study, a PARAFAC model was 
created and validated for 64 EEMs according to the method by [45,46]. Three outliers were 
initially present in the dataset and were removed. The EEM wavelength ranges used were 
230-500 and 290-550 nm for Ex and Em, respectively. EEMs were thus merged into a three-
dimensional data array of the form: 64 samples × 55 λEx × 131 λEm. PARAFAC was 
executed using the DOMFluor toolbox v1.6.[46] running under MATLAB® 7.10.0 (R2010a). 
The validation of the PARAFAC model (running with the non-negativity constraint) and the 
determination of the correct number of components were achieved through the examination of 
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residuals, the split half analysis and the random initialization. The fluorescence intensities of 
each PARAFAC component are given in QSU.  
 
Other statistical analyses 
 Linear regressions, comparisons of groups and box-and-whisker plots were carried out 
with StatView 5.0 and XLSTAT 2010.2. Mann Whitney non parametric tests (U-test) were 
preferred to analyses of variance for the comparison of two independent data groups because 
of the non-normal distribution (normality assessed with Kolmogorov-Smirnov test) and the 
low number of samples for some groups. For the different analyses and tests, the significance 
threshold was set at p < 0.05. 
 
 
Results  
 
Spectral characteristics and identification of PARAFAC components  
 Five components (C1-C5) were identified by the PARAFAC model validated on 64 
EEM samples. The spectral characteristics of C1-C5 are reported in Fig. 2. These components 
exhibited one or two Ex maxima and one Em maximum (i.e. one or two fluorescence peaks). 
In the classification[4], C1 (λEx/λEm: < 230, 275/306 nm) and C2 (λEx/λEm: < 230, 270/346 
nm) corresponded to protein-like fluorophores. C1 had Ex and Em maxima analogous to those 
of tyrosine amino-acid (peaks B), whereas C2 had Ex and Em maxima similar to those of 
tryptophan amino-acid (peaks T). C3 (λEx/λEm: 280/386 nm) was consistent with marine 
humic-like fluorophore, named peak M.[4] C4 (λEx/λEm: 235, 340/410 nm) and C5 
(λEx/λEm: 255, 365/474 nm) corresponded to humic-like fluorophores. In the classification[4], 
their two fluorescence peaks referred to as peak A and peak C. According to the literature 
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data, these protein- and humic-like materials may have different origins in the aquatic 
environment: autochthonous, terrestrial or anthropogenic. The attribution of potential origins 
to fluorophores identified in this work is provided in the discussion section.  
 
Spatial distribution of environmental parameters  
 The distribution of environmental parameters along the stations for the entire study 
period is shown in Fig. 3. T, S and Chla, derived from the CTD profiler, were recorded at 2 m 
depth, whereas all the other parameters were measured in the subsurface water (SSW). T and 
Chla concentration, which ranged from 13.7 ± 0.9 (Cort3) to 16.8 ± 3.1 °C (Cort0) and from 
0.9 ± 1.0 (Cort0) to 1.9 ± 1.4 µg l-1 (Cort1), respectively, displayed no significant differences 
among the stations (Fig. 3a,c). S was comprised between 37.5 ± 0.3 (Cort2) and 38.0 ± 0.1 
(Sofcom) and tended to increase from Cort0 towards Sofcom (Fig. 3b). It should be noticed 
that some refractometric measurements made on SSW discrete samples revealed that S around 
the effluent outlet was actually lower in the SSW than at 2 m depth, with values of ~ 30 
(Cort0), 32-33 (Cort1 and Cort2), 35 (Cort3), 37-38 (Cort4) and 38 (Sofcom). Conversely, all 
the other environmental parameters substantially decreased from Cort0 to Sofcom or Cort4. 
DOC and PC concentrations declined from 146 ± 42 to 69 ± 7 µM and from 133 ± 70 to 16 ± 
8 µM, respectively (Fig. 3d,e). NO3- + NO2- and PO43- concentrations decreased from 40 ± 15 
to 1.5 ± 0.9 µM and from 2.5 ± 1.2 to 0.05 ± 0.02 µM, respectively (Fig. 3f,g). Fecal bacteria 
(E. coli + enterococci) concentration was as high as 45905 ± 30981 colony forming units 
(CFU) 100 ml-1 at Cort0 and dropped to 178 ± 210 CFU 100 ml-1 at Sofcom (Fig. 3h). 
According to the new European Directive (n° 2006/7/CE), in term of fecal indicators, the 
water quality was excellent or good at Sofcom, excellent, good, bad or very bad at Cort4 and 
Cort3, and very bad at Cort2-Cort0. 
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Spatial distribution of PARAFAC components 
 The distribution of PARAFAC components in the SSW along the stations for the entire 
study period is displayed in Fig. 4. As observed for environmental parameters, total 
fluorescence intensity (sum of fluorescence intensities of the five components) significantly 
decreased from Cort0 (95 ± 43 QSU) to Sofcom (6 ± 4 QSU) (Fig. 4a). Shifts in the relative 
abundances of components also emerged from Cort0 to Sofcom. Relative abundance of 
protein-like materials C1 and C2 declined from 25 ± 2 (Cort 2) to 10 ± 13% and from 37 ± 6 
to 21 ± 18%, respectively (Fig. 4b,c). Relative abundance of humic-like materials C3 and C5 
exhibited an inverse pattern, with increasing values from 8 ± 1 to 25 ± 19% and from 10 ± 2 
to 23 ± 18%, respectively (Fig. 4d,f). On the other hand, the contribution of C4 within the 
FDOM pool, which ranged from 21 ± 1 (Cort2) to 27 ± 10% (Cort4), showed no significant 
variations along the stations (Fig. 4e). Hence, at Cort0-Cort4 stations, the major fluorophore 
was trytophan-like C2 (30-37%), followed by humic-like C4 (21-27%) and tyrosine-like C1 
(17-25%), humic-like C5 (9-13%) and marine humic-like C3 (8-11%) being the minor 
fluorophores. In contrast, Sofcom was characterized by a relatively equal contribution of 
fluorophores C2-C4 (21-25%) with a lower abundance for fluorophore C1 (10%). The ranges 
of relative abundances of the PARAFAC components increased from the effluent outlet to off 
shore, while the opposite pattern was observed for the total fluorescence intensity. It is worth 
noting that for Cort4 and Sofcom, no significant differences were found between samples 
collected in the SSW, at 5 m, 20 m and 55 m depth, neither in total fluorescence intensity, nor 
in relative abundances when the entire study period is taken into account (Figure not shown). 
Besides relative abundances, we determined total FDOM intensity/DOC concentration and 
tryptophan (C2) intensity/DOC concentration ratios. These ratios tended to decrease from the 
effluent outlet to off shore, with on average 0.608 ± 0.129 and 0.224 ± 0.039 QSU µM-1, 
respectively at Cort0-Cort2, and 0.215 ± 0.093 and 0.081 ± 0.056 QSU µM-1, respectively at 
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Cort3-Cort4. At Sofcom, these ratios were lower, with on average 0.103 ± 0.059 and 0.023 ± 
0.021 QSU µM-1, respectively. This shows that DOM was much more fluorescent around the 
effluent outlet than in off shore marine waters.  
 
Seasonal distribution of PARAFAC components 
 The distribution of PARAFAC components in the SSW with respect to periods spring + 
summer (samples collected from April to September) and autumn + winter (samples collected 
from October to March) is depicted in Fig. 5 for Cort0 and Sofcom stations. Our choice to 
gather spring with summer data and autumn with winter data for seasonal comparisons was 
motivated by the fact that 1) our number of samples for each season was too low for statistical 
comparisons, 2) the repartition of samples within these two periods was homogenous, and 3) 
the meteorological and hydrological conditions presented clear patterns between these two 
periods, with colder temperatures, more rain events, and strong winds and subsequent water 
column mixing in autumn/winter, and warmer and drier weather associated to water column 
stratification in spring/summer (data not shown).[35] At Cort0, total fluorescence intensity was 
much higher in spring/summer (129 ± 25 QSU) than in autumn/winter (67 ± 34 QSU) (Fig. 
5a), whilst the FDOM composition remained relatively stable with no significant differences 
in relative abundances between the two periods (C1: 21 ± 3%, C2: 36 ± 5%, C3: 8 ± 1%, C4: 
23 ± 3%, C5: 10 ± 2%) (Fig. 5b-f). As for Cort0, total fluorescence intensity at Sofcom was 
significantly higher in spring/summer (11 ± 6 QSU) than in autumn/winter (4 ± 3 QSU) (Fig. 
5a). However, contrary to Cort0, the FDOM composition was highly variable throughout the 
two periods, with higher relative abundances for C1 and C2 in spring/summer (22 ± 20 and 32 
± 18%, respectively) than in autumn/winter (5 ± 13 and 10 ± 15%, respectively), and higher 
ones for C3 and C5 in autumn/winter (29 ± 15 and 33 ± 16%, respectively) than in 
spring/summer (13 ± 8 and 11 ± 7%, respectively), while the contribution of C4 remained 
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highly variable (~ 23 ± 15%) (Fig. 5b-f). At Cort4, the seasonal distribution of PARAFAC 
components in the SSW was similar to that of Sofcom, apart from C2, whose abundance did 
not significantly vary between spring/summer and autumn/winter (Figure not shown). For 
Cort4 and Sofcom, no significant differences were found between samples collected in the 
SSW, at 5 m, 20 m and 55 m depth, when considering separately spring/summer and 
autumn/winter seasons (Figure not shown). Total FDOM/DOC and tryptophan/DOC ratios 
did not display any seasonal variations at Cort0 and Sofcom stations (data not shown). 
 
 
Discussion 
 
FDOM in the coastal marine waters not impacted by the Marseilles sewage effluent 
 Sofcom station (central Bay of Marseilles) presented the lowest values for the FDOM 
intensities (Fig. 4a) and for the DOC, PC, nutrient and fecal bacteria concentrations, whereas 
it exhibited the highest and most stable S values (Fig. 3b,d-h). Surface salinities as well as 
DOC and nutrient concentrations measured at Sofcom were typical of the northwestern 
Mediterranean Sea.[47-49] We conclude that Sofcom was not influenced by the Marseilles SE 
during our sampling period. A spreading of the Marseilles SE dilution plume in the central 
part of the Bay was not really expected with regard to the SE flow rates and the 
hydrodynamic conditions.[32,35] Nevertheless, we might have expected an impact of the 
Marseilles SE at Sofcom through the transport of isolated water lenses. Indeed, the general 
instability within the superficial layer in the vicinity of the SE outlet may lead to the 
formation of individualised less salty water lenses, which may be transported over greater 
distances and persist longer in the Bay.[32] SE-derived less salty water lenses were thus not 
present at Sofcom during the period investigated.  
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 FDOM in these coastal marine waters not impacted by the Marseilles SE showed a 
marked seasonal pattern in terms of intensity and composition that may reflect the 
production/degradation processes of autochthonous organic matter. In spring/summer, the 
higher total fluorescence intensity and the higher contribution of protein-like materials within 
the FDOM pool (Fig. 5a-c) were very likely associated to primary production. Indeed, 
tyrosine- (C1) and tryptophan-like (C2) fluorophores are known to be released from 
phytoplankton activity and are considered as fresh/labile bioavailable products.[50-53] 
Tyrosine-like material, whose fluorescence can be easily quenched by nearby tryptophan 
because of energy transfer effects,[54] generally has fluorescence intensities lower than those 
of tryptophan-like fluorophore in marine waters, which is consistent with our results.  
 The lower total fluorescence intensity and the higher relative contribution of humic-like 
fluorophores C3 and C5 in autumn/winter (Fig. 5a,d,f) would result from the decrease in 
primary production (i.e. decrease in the production of protein-like materials) due to 
temperature decline and water column mixing. Actually, humic-like compounds C3-C5 may 
be produced by marine microbial communities during organic matter degradation 
processes.[55-57] Interestingly, marine humic-like fluorophore (C3) can be also derived from 
phytoplankton, as recently demonstrated by.[51] According to red versus blue shifts in the Ex 
and Em spectra (Fig. 2), humic-like C5, would be more aromatic than C4 and could 
correspond to the most biorefractory and oldest material resulting from the microbial 
degradation of autochthonous organic matter. This humic-like material could originate in part 
from deep ocean water and be transported to surface waters via upwelling.[52]  
 Besides marine sources, humic-like materials C4 and C5 are well known to have a 
terrestrial origin with the microbial degradation of higher plants/soil organic matter.[4,45,50,58] 
Hence, a terrestrial source for these fluorophores in the central Bay of Marseilles cannot be 
excluded although it should be minor compared to the autochthonous one as regards the 
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important dilution effect of non point and point terrestrial inputs from the coast.[59] In 
addition, humic-like fluorophores, which efficiently absorb natural UV radiation, are known 
to be subjected to photodegradation processes in surface waters. Consequently, 
photodegradation may be a significant sink for these compounds in summer in the Bay of 
Marseille, as already proposed by[59].  
 This decoupling between the processes driving the distribution of protein-like 
fluorophores (phytoplankton production, microbial degradation) and humic-like materials 
(microbial production, terrestrial inputs, photodegradation) in the central Bay of Marseilles is 
illustrated from correlation coefficients (r) presented in Table 2. Significant linear regressions 
were observed between C1 and C2 (r = 0.63) and between C3, C4 and C5 (r = 0.53-0.76), 
while no significant correlations were found between protein- and humic-like compounds (r = 
0.02-0.40).  
 
FDOM in the coastal marine waters impacted by the Marseilles sewage effluent  
 Considering that Cort0 and Sofcom are the two “end-member marine stations”, i.e. 
strongly impacted and not impacted by the Marseilles SE, respectively, the SE plume would 
not extend further than Cort 1 (100 m from the outlet) or Cort2 (450 m from the outlet) based 
on environmental parameters (Fig. 3d-h). Alternatively, if based on FDOM data, the extent of 
the Marseilles SE may be seen up to Cort4 (1500 m from the outlet), which presented an 
intermediary fluorescence signature between Sofcom and the other Cortiou stations (for 
fluorophores C2, C3 and C5) (Fig. 4a,c,d,f).  
 FDOM in the coastal marine waters strongly impacted by the Marseilles SE (Cort0, 40 
m from the outlet) presented a marked seasonal trend in intensity, while its composition 
remained rather stable (Fig. 5a-f). In fact, the higher FDOM amount recorded in 
spring/summer could not be explained by a higher SE flow rate, and this for two main 
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reasons. First, since sampling was conducted only under dry weather, no increases in the 
Marseilles SE flow rate took place on sampling days due to rain events. The latter occurred 
prior to the dry sampling days, particularly in the autumn/winter (wet season). However, 
because of the short residence time of Cortiou waters (two days), the “rain memory effect” 
was very likely negligible. Secondly, the flow rate of secondary-treated domestic sewages, 
which is directly related to the activity patterns of the urban population, did not present any 
seasonal features (SERAM data). Other processes may account for the observed FDOM 
intensity increase during the spring/summer season. Enhanced bacterial and phytoplankton 
productions in spring/summer may occur in response to increasing temperature and light in 
this organic matter- and nutrient-enriched area and contribute to the higher FDOM signal 
measured in that period. Concomitantly, the more intense wind conditions that prevail in the 
autumn/winter period may lead to a decrease in the SE-derived FDOM by enhancing the 
mixing and the dilution with seawater.[32] 
 The FDOM composition in the marine waters influenced by the Marseilles SE, constant 
at the seasonal level, was characterized by the dominance of tryptophan-like fluorophore. In 
SE-impacted natural waters, tryptophan-like compound, usually well correlated to biological 
oxygen demand, originates from sewage microbial activity.[14,23,60] In fact, it would be a 
biological product of the microbial community (a product of bacterial metabolism) and/or a 
bioavailable substrate consumed by the latter (energy source).[8,21,22,55] Typically, the 
fluorescence intensity of tryptophan considerably decreases through the SE treatment 
processes, i.e. from raw to treated effluents.[16] Tyrosine-like fluorophore, although less 
frequently observed that tryptophan-like material in SEs, may also come from sewage 
microbial activity.[14,23,60]  
 Humic-like fluorophores C4 and C5 have been found to be of terrestrial origin, coming 
from higher plants/soils organic matter[45,50,58] but have been also detected in diverse SEs, 
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where they could be microbiologically produced during organic matter degradation 
processes.[19,22,61] Accordingly, at Cort0-Cort4, humic-like components C4 and C5 could 
come from both constituents of the Marseilles SE: secondary-treated domestic sewages and 
pretreated Huveaune waters. Nevertheless, EEM measurements conducted on Huveaune 
waters revealed high intensities for humic-like components C4 and C5 (data not shown), 
suggesting that these fluorophores would be rather issued from Huveaune waters than from 
domestic sewages. Marine humic-like fluorophore C3, derived from microbial activity, has 
been observed in marine waters[4,52,62], lakes[63], estuaries[64], rivers[7] and more recently in 
SEs.[60] 
 When looking at Table 2, we observe that the five PARAFAC components are highly 
correlated (r = 0.93-0.99) and that these fluorophores are well correlated to DOC, PC, 
nutrients and fecal bacteria (r = 0.64-0.91), contrary to what is found in the non impacted 
waters (Sofcom). This suggests that all these parameters co-vary due to a common source. 
However, although correlation coefficients are all significant, we can see that those related to 
tryptophan-like fluorophore present generally the highest values. This is the case with salinity, 
DOC, PC, phosphates and fecal bacteria (Table 2). So, since tryptophan-like material is the 
most abundant FDOM fluorophore in the waters impacted by the Marseilles SE and since it 
displays the highest correlations with environmental parameters (organic carbon, nutrients 
and fecal bacteria) it may be considered as a good index of SE inputs.  
 To track SE contaminations in rivers, estuaries and recycled water systems, several 
studies[13,14,16,25,65] proposed to use the tryptophan- (peak T)/humic-like (peak C) fluorophore 
intensity ratio. When the latter is > 1, it reflects the presence of DOM heavily impacted by 
sewage inputs. In our case, the tryptophan- (C2)/humic-like (C3-C5) fluorophore intensity 
ratios did not show any good correlation with environmental parameters (data not shown). 
Therefore, the use of these ratios is not relevant for the Bay of Marseilles, where it seems 
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much more appropriate to use only the intensity of tryptophan to track sewage-derived DOM. 
Indeed, our results indicate a tryptophan intensity value (6.0 QSU) above which we may 
consider that marine waters are impacted by the Marseilles SE. In the waters strongly 
impacted (Cort0, Cort1), 100% of samples presented a tryptophan intensity > 6.0 QSU 
(intensity range for both stations: 12-52 QSU). At Cort2, this percentage decreased to 80% 
(intensity range: 4.3-27 QSU). In the waters weakly impacted (Cort4), it was 40% (intensity 
range: 0.0-11.8 QSU). Finally, in the waters not impacted by the Marseilles SE (Sofcom), 
100% of samples had a tryptophan intensity < 6.0 QSU (intensity range: 0.0-5.3 QSU).  
 Consequently, as pointed out here for the Mediterranean Sea, higher tryptophan 
fluorescence values relative to those derived from autochthonous biological activity may be a 
sign of urban sewage inputs in coastal marine waters. For instance[65] observed that a station 
displayed higher tryptophan-like fluorescence intensities (75 QSU) compared to other ones (~ 
15 QSU) in recifal waters of La Réunion Island (Indian Ocean). The authors showed that this 
station was influenced by river waters collecting different urban and agriculture SEs in which 
the tryptophan signal was extremely high (430 QSU). Similarly[28] attributed the higher 
tryptophan-like signal recorded from an in situ SAFire flurometer (WETLabs, Inc) to sewage 
plumes in Hawaii coastal waters.  
 
 
Conclusions 
 
 This study underscores the fluorescence properties of DOM in coastal Mediterranean 
waters influenced by a municipal sewage effluent (SE). A unique PARAFAC model was 
validated for an EEM dataset of samples strongly impacted, weakly impacted or not at all 
impacted by the Marseilles SE. Thus, although of different origin (SE-derived or marine 
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autochthonous) and governed by different processes, DOM in the two end-members of this 
coast-open sea transect (Cort0 and Sofcom) presented the same protein- and humic-like 
fluorophores. The latter were those recurrently observed in various freshwater and marine 
environments. Despite of the highly heterogeneous character of DOM in SEs, the PARAFAC 
model did not reveal any atypical fluorescence signatures. It appeared that fluorescence was a 
much more pertinent tool than organic carbon and nutrients for detecting the SE plume in the 
Bay of Marseilles by allowing its extent to be seen up to 1500 m offshore. We propose to use 
the tryptophan fluorophore intensity to track sewage pollutions in coastal marine waters. This 
work has been conducted for dry weather conditions, and it would be necessary in the future 
to evaluate the impact of the Marseilles SE on the FDOM intensity and composition during 
rainfall events.  
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Figure captions 
 
Figure 1. Location of the study sites in the Bay of Marseilles (northwestern Mediterranean 
Sea, France). Five stations were sampled in Cortiou Cove (South Bay) along a coast-open sea 
transect: Cort0-Cort4, and one station was sampled in the central part of the Bay: Sofcom. 
Cortiou Cove is the discharge area of the Marseilles sewage effluent (SE), which is composed 
of a secondary-treated SE and the pretreated Huveaune River waters.   
 
Figure 2. Spectral characteristics of the five components (C1-C5) validated by the 
PARAFAC model for 64 EEM samples from the Bay of Marseilles (Cort0-Cort4 and Sofcom 
stations). Both contour (left column) and line (right column) plots are depicted. The line plots 
show the excitation (left side) and emission (right side) fluorescence spectra. The grey lines 
correspond to split half validation results. The excitation and emission maxima (λEx and 
λEm) of each component are given. Names are attributed to components according to the 
Coble (1996)’s classification[4]. 
 
Figure 3. Box-and-whisker plots of the environmental parameters measured at 2 m depth (T, 
S, Chla) or in the subsurface water (DOC, PC, nutrients, fecal bacteria) with regard to stations 
(Cort0-Cort4, Sofcom) for the whole study period (September 2008-June 2010). The bottom 
and top of boxes are the 25th and 75th percentiles, respectively, whereas the central line is the 
50th percentile (the median). The ends of the error bars correspond to 10th percentile 
(bottom) and to 90th percentile (top). The dots represent the observations < 10th percentile 
and the observations > 90th percentile. The red lines are the mean values. The boxes which 
have different letters (a, b, c or d) have significantly different means (U-test, p < 0.05).  
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Figure 4. Box-and-whisker plots of the PARAFAC components for the subsurface water 
samples with regard to stations (Cort0-Cort4, Sofcom) for the whole study period (September 
2008-June 2010). Total fluorescence (in QSU) corresponds to the sum of fluorescence 
intensities of the five components (C1-C5). % C1-C5 are the relative abundances of each 
component [(fluorescence of C1-C5/total fluorescence) × 100]. See the description of boxes 
in Fig. 3 caption. The boxes which have different letters (a, b, c or d) have significantly 
different means (U-test, p < 0.05).  
 
Figure 5. Box-and-whisker plots of the PARAFAC components (total fluorescence and 
relative abundances; see Fig. 4 caption) for the subsurface water samples with regard to two 
periods: spring + summer (samples collected from April to September) and autumn + winter 
(samples collected from October to March) for Cort0 and Sofcom stations. See the description 
of boxes in Fig. 3 caption. For each station, the boxes which have different letters (a or b) 
have significantly different means (U-test, p < 0.05). 
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Table 1. Characteristics of the study sites, located in the Bay of Marseilles (northwestern 
Mediterranean Sea, France) and sampled from September 2008 to June 2010.  
Stations Position Site depth Distance from the 
sewage effluent outlet 
Sampling depth 
Cort0 43°12.8'N, 5°24.1'E 10 m 40 m  SSW 
Cort1 43°12.7'N, 5°24.1'E 20 m 100 m SSW 
Cort2 43°12.6'N, 5°24.1'E 30 m 450 m SSW 
Cort3 43°12.4'N, 5°24.0'E 50 m 850 m SSW 
Cort4 43°12.0'N, 5°24.0'E 55 m 1500 m SSW, 5 m, 20 m, 55 m 
Sofcom 43°14.3'N, 5°17.3'E 55 m Remote  SSW, 5 m, 20 m, 55 m 
Sampling dates: 23/09/08, 14/10/08, 14/11/08, 25/11/08, 19/02/09, 03/06/09, 23/06/09, 25/01/10, 
08/04/10, 11/06/10, 16/06/10. 
SSW: subsurface water (0.1 m depth).   
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Table 2. Pearson’s correlation coefficients (r) of linear regressions between the fluorescence intensities of the five PARAFAC 
components (C1-C5, in QSU) and the environmental parameters for the stations impacted (Cor0-Cort4) and not impacted (Sofcom) 
by the Marseilles sewage effluent. 
 C2 C3 C4 C5 T S Chla DOC PC NO3- + 
NO2- 
PO43- E. coli + 
entero. 
Cort0-Cort4             
C1 0.98 0.93 0.95 0.93 -0.01 -0.34 -0.33 0.86 0.77 0.91 0.88 0.76 
C2  0.94 0.96 0.94 -0.07 -0.36 -0.32 0.89 0.78 0.90 0.90 0.78 
C3   0.98 0.99 -0.13 -0.25 -0.32 0.84 0.67 0.89 0.83 0.73 
C4    0.99 -0.14 -0.30 -0.31 0.84 0.69 0.90 0.85 0.74 
C5     -0.13 -0.25 -0.34 0.81 0.64 0.90 0.81 0.71 
n 41 41 41 41 38 38 38 21 24 11 11 24 
Sofcom  
  
         
C1 0.63 0.02 0.33 0.02 0.37 -0.31 -0.05 -0.04 0.13 nd nd nd 
C2  0.17 0.40 -0.07 0.47 -0.43 0.14 0.23 0.27 nd nd nd 
C3   0.53 0.71 0.38 0.46 0.21 0.59 -0.04 nd nd nd 
C4    0.76 0.26 -0.02 0.00 0.11 0.37 nd nd nd 
C5     0.21 0.46 -0.02 0.33 -0.07 nd nd nd 
n 23 23 23 23 22 22 22 14 18 3 3 4 
n: number of observations for each regression; nd: correlation coefficient not determined because of the too low number of observations. 
Correlation coefficients in bold are significant (p < 0.05).  
T: temperature (° C); S: salinity; Chla: chlorophyll a concentration (µg l-1); DOC: dissolved organic carbon concentration (µM); PC: particulate 
carbon concentration (µM); NO3- + NO2-: nitrate + nitrite concentration (µM); PO43-: phosphate concentration (µM); E. coli + entero.: 
Escherichia coli + enterococci concentration [(colony forming units (CFU) 100 ml-1].  
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Figure 4 
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Figure 5 
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